A fterload is recognized as an important determinant of myocardial function. Experimental animal studies demonstrate that increased afterload impacts diastolic relaxation. [1][2][3][4][5] Furthermore, studies in healthy instrumented dogs showed that, within physiological ranges, increased afterload results in differential responses in relaxation depending on its timing. In anesthetized open-chest dogs, mild-to-moderate increases in early systolic load resulted in unchanged or slightly enhanced relaxation, whereas increases in late systolic load resulted in a slow rate of diastolic ventricular pressure fall. 2,6 This, however, was not observed in conscious dogs subjected to a similar protocol.
load imposed by the arterial tree. 10 All key determinants of myocardial stress (wall thickness, cavity size, and ventricular pressure, which in turn depends on arterial properties for any given flow delivered to the input impedance of the systemic circulation) exhibit marked variations during systole. Therefore, although aortic (and LV) pressure during systole is related to developed wall stress, LV geometric changes that occur during systole determine a profound but highly variable change in the relationship between LV pressure and wall stress. 10 Consequently, time-varying myocardial stress estimations need to account for both time-varying pressure and time-varying geometry and are poorly represented by any single time-point measurement. The relationship between time-varying myocardial afterload and diastolic relaxation has not been previously investigated.
In this study, we tested the hypothesis that the timing of myocardial afterload (ie, early versus late systolic LV myocardial stress) is differentially associated with LV contraction and relaxation humans.
Methods

Study Population
We studied adults enrolled in the Asklepios study, a population-based sample of community-dwelling adults free of clinically apparent cardiovascular disease, aged 35 to 55 years from 2 Belgian communities. 11 This study was approved by the ethical committee of Ghent University Hospital and the University of Pennsylvania Institutional Review Board.
Central Pressure and Echocardiographic Measurements
Carotid artery applanation tonometry was performed using a Millar pen-type high-fidelity tonometer (SPT-301; Millar Instruments, Houston, TX) 11 Echocardiographic examinations were performed using a GE Vivid-7 ultrasound platform. Early diastolic (e') and systolic (S') septal mitral annular velocities were measured using pulsed-wave tissue Doppler from the apical 4-chamber view and were normalized for LV length. 12 Early diastolic LV inflow propagation velocity (Vpe) was measured with color M-mode as the slope of the isovelocity line from the mitral leaflet tips to a position 4 cm distal into the LV, using the first aliasing velocity.
Although e' was our primary noninvasive measure of diastolic relaxation, we performed sensitivity analyses using Vpe. We also assessed the effect of afterload on S', which is influenced by the time-varying interaction between LV contractility and afterload during systole. Recently, S' was shown to be influenced by myocardial contractility (even in the presence of a normal ejection fraction), longitudinal fiber shortening, and torsional deformation, 13 and to be an independent predictor of mortality in a general population sample with normal LV ejection fraction. 14 In addition to S', we also assessed average longitudinal strain using speckle-tracking echocardiography as described below.
LV end-diastolic volume and LV mass were calculated with the area-length method. LV sphericity index was obtained by dividing the width of the LV measured at the basal aspect of the papillary muscles by LV length, expressed as a percentage as previously described.
Assessment of Time-Resolved Myocardial Wall Stress
Speckle tracking was performed using an echoPAC workstation (GE Healthcare; Waukesha, WI) as previously described. 10 Briefly, a region of interest was prescribed in the parasternal short-axis view at the level of the chordae tendineae to obtain an exact fit with LV wall thickness, and the software was used to automatically track the wall at every time point in the cardiac cycle. Speckle tracking was also performed from the apical 4-chamber view to assess instantaneous LV length in an interrogation angle-independent manner. Only cases in which reliable tracking of endocardial and epicardial borders was visually ascertained in both long and short-axis views and in which ≤1 segment was labeled by the automated software as being tracked unreliably were processed further. Time-resolved numeric values derived from speckle tracking were exported from the echoPAC software for further processing in custom-designed software written in Matlab (The Mathworks, Natick, MA). We computed time-resolved short-axis cross-sectional area and LV length as previously described in detail, 10 allowing for assessments of time-resolved area-length volume measurements. The carotid pressure curve was time-aligned with geometric data using LV outflow velocity information ( Figure  1A-1E) , assessed with pulsed-wave Doppler interrogation of the outflow tract, to account for the brief delay between aortic and carotid pressure phenomena, as previously described. 10 Time-resolved myocardial wall stress was computed according to Arts 15 :
where P=pressure, ln=natural logarithm, V W =wall volume, and V LV =ventricular cavity volume (computed at each time point with the area-length method). This method does not neglect radially directed forces or forces generated within the wall that oppose fiber shortening, which vary significantly with cavity and wall thickness and can interfere with direct comparisons of myocardial stress at different times during ejection.
Representative time-resolved short-axis LV wall thickness and cavity area obtained from the parasternal short-axis view are shown in Figure 1A and 1B. Figure 1C and 1D shows representative timeresolved changes in LV cavity size and changes in LV cavity length resulting from displacement of the base toward the apex and from apical cap thickening. Figure 2A and 2B shows a central pressure waveform and ejection-phase myocardial stress, respectively. To assess the myocardial loading sequence, we separately computed the myocardial stress-time integral (area under the curve) in the first half of ejection (early ejection-phase stress-time integral) and the second half of ejection (late ejection-phase stress-time integral). For simplicity, throughout the remainder of the article we refer to these time integrals as early ejection-phase wall stress and late ejection-phase wall stress, respectively. In repeated (sequential) measurements in 8 individuals, the coefficients of variation for early ejection-phase wall stress, late ejection-phase wall stress, and the ratio of late/early systolic stress were 7.94%, 8.22%, and 5.24%, respectively.
Speckle-tracking echocardiography data were also used to compute systolic longitudinal Langrangian strain, averaged from interrogated segments in the 4-chamber view, defined as the change of myocardial fiber length during stress in systole (L 1 ) compared with its original length (L 0 ) in a relaxed state at end-diastole
Statistical Analysis
The relationship between early and late systolic wall stress and indices of myocardial function was analyzed using linear regression. Multivariate models were adjusted for total cholesterol, high-density lipoprotein-cholesterol, triglycerides, estimated glomerular filtration rate, serum C-reactive protein, current smoking, diabetes mellitus, menopausal status, antihypertensive medication use, and heart rate. Although the formula we used for computation of LV myocardial stress is valid for axisymmetric ventricular geometry regardless of sphericity, 15 we also adjusted for LV sphericity to better account for geometric factors that may impact diastolic relaxation longitudinal velocities and relaxation independently of wall stress. All P values are 2-tailed. Statistical significance was defined as α<0.05. Statistical analyses were performed using SPSS for Windows v17 (SPSS Inc, Chicago, IL). a higher proportion of subjects included in this study. There were minimal but statistically significant differences in age, body size, and various other measured parameters between subjects included in this study versus those not included in this substudy. Table 2 shows a multivariate model in which early and late ejection-phase wall stress are assessed as independent predictors of e'. Late ejection-phase wall stress was negatively associated with e' (standardized β=−0.25; P<0.0001). In contrast, early ejection-phase wall stress was positively associated with e' (standardized β=0.18; P<0.0001). Increasing age (standardized β=−0.34; P<0.0001) and body weight (standardized β=−0.38; P<0.0001) were also associated with lower e'. Other predictors of e' included sex, total cholesterol, high-density lipoprotein-cholesterol, and LV sphericity, although the adjusted association between these measures was weaker than that seen for age, body weight, and wall stress. This model predicted 46% of the interindividual variability in e'. Table S1 in the online-only Data Supplement shows an analogous model in which the predicted variable is Vpe, rather than e'. Early ejection-phase wall stress was the Computation of time-resolved ejectionphase wall stress from geometric data and central pressures. A, A central pressure waveform, which is determined by the inflow of blood into the arterial system and the mechanical arterial properties of the arterial tree. B, A time-resolved ejection-phase stress curve, computed from time-resolved pressure and time-resolved left-ventricular (LV) geometric measurements; the dotted line shows mean ejection-phase stress. Note that the time-axis in B corresponds only to the ejection phase, whereas the pressure waveform corresponds to an entire cardiac cycle. Early ejection-phase wall stress was quantified as the stress-time integral (area under the curve) during the first half of ejection, whereas late ejectionphase myocardial wall stress was quantified as the stress-time integral during the second half of ejection. single most important independent predictor of (higher) Vpe (standardized β=0.22; P<0.0001), whereas late ejection-phase wall stress was negatively associated with Vpe (standardized β=−0.13; P=0.017). Age (standardized β=−0.19; P<0.0001), LV sphericity (standardized β=−0.14; P<0.0001), and high-density lipoprotein-cholesterol (standardized β=0.10; P=0.004) were also independently associated with Vpe. Table 3 shows a multivariate model in which early and late ejection-phase wall stress are assessed as independent predictors of S'. In this model, late ejection-phase wall stress was the single most important predictor of (lower) S' (standardized β=−0.31; P<0.0001), whereas a higher early ejection-phase wall stress was associated with a high S' velocity (standardized β=0.16; P=0.002). Greater body weight (standardized β=−0.24; P<0.0001), increasing age (standardized β=−0.07; P<0.018), and male sex (standardized β=−0.19; P<0.0001) were also associated with lower S', whereas LV sphericity (standardized β=0.11; P=0.0001) and heart rate (standardized β=0.23; P<0.0001) were positively associated with S'. This model explained 23% of the interindividual variability in S'.
Results
Relationship Between the Loading Sequence and Early Diastolic Relaxation
Relationship Between Early/Late Systolic Wall Stress and Longitudinal Systolic Shortening Indices
An analogous model in which the independent variable is systolic longitudinal strain is shown in Table 4 . Note that lower (more negative) values of longitudinal strain indicate greater deformation and, therefore, positive coefficients indicate an inverse relationship with shortening, whereas negative coefficients indicate a direct one. In this model, late ejection-phase wall stress was the single most important predictor of lower longitudinal shortening (standardized β=0.32; P<0.0001), whereas a higher early ejection-phase wall stress was associated with a greater longitudinal shortening (standardized β=−0.24; P<0.0001). Other predictors of longitudinal strain included male sex (standardized β=0.19; P<0.0001), high-density lipoprotein-cholesterol (standardized β=−0.09; P=0.006), LV sphericity (standardized β=−0.18; P<0.0001), and heart rate (standardized β=0.16; P<0.0001). This model explained 18% of the interindividual variability in peak systolic longitudinal strain. After adjustment for S' and all covariates shown in Table 2 , early systolic wall stress remained independently positively associated with e' (standardized β=0.13; P=0.002), whereas late systolic wall stress was independently negatively associated with e' (standardized β=−0.15; P<0.0001). Late systolic wall stress also remained significantly associated with e' after adjustment for longitudinal strain (standardized β= −0.14; P=0.003), end-systolic volume (standardized β=−0.23; P<0.0001), LV ejection fraction (standardized β=−0.21; P<0.0001), or LV mass (standardized β=−0.19; P<0.0001).
Discussion
In this study, we assessed the relationship between myocardial contraction, relaxation, and time-resolved ejectionphase myocardial wall stress, assessed noninvasively in a large population-based sample of middle-aged adults without manifest cardiovascular disease. We report, for the first time, that early ejection-phase wall stress is positively associated, whereas late systolic ejection-phase wall stress is negatively associated with noninvasive estimates of diastolic relaxation (e' and Vpe). Similar associations were observed for noninvasive estimates of systolic function (peak S' and peak systolic longitudinal strain). However, the observed relationships between the loading sequence and e' and Vpe' persisted after adjustment for S' or peak systolic longitudinal strain. Our findings, therefore, indicate an independent association between the myocardial loading sequence and LV systolic and diastolic function.
Diastolic LV relaxation is an important process that promotes LV filling during the early diastole, allowing for cardiac output adaptations to changes in loading conditions, inotropic stimulation, and heart rate. Most earlier experimental studies associated (markedly) increased afterload with slower relaxation, 4, 5 but some studies showed that, with mild-tomoderate increases of afterload, relaxation was accelerated, 6 a behavior consistent with isolated cardiac muscle findings. 17 A recent study showed that, among patients with normal LV systolic function undergoing coronary artery bypass surgery, peak systolic LV pressure >230 mm Hg can develop in response to aortic clamping (an intervention that increases early systolic load), without slowing of relaxation and no increase in filling pressures, hence no diastolic dysfunction. 18 The effect of late systolic load on LV relaxation has also been the subject of previous studies. Brutsaert et al 19 initiated the concept of load-dependence of relaxation and described acceleration of relaxation and early termination of a twitch contraction in response to late systolic load clamps. This, however, was only observed in isolated cardiac muscle with isotonic-isometric relaxation sequence and isometrically contracting hearts subjected to volume clamps. 20 Acceleration of relaxation was induced at most to a limited extent in the intact ejecting ventricle, 6, 7 but the clinical relevance of this finding is questionable. In more physiological working conditions, both muscle 21 and the intact ejecting ventricle 2 predominantly responded to late systolic load with delayed 22 In line with these canine studies, Yano et al 23 studied humans during cardiac catheterization and reported that femoral artery compression induced a reflected wave that arrived to the aorta in late systole, which resulted in prolonged relaxation. The within-beat effects of systolic clamps on diastolic relaxation have been explained on the basis of the differential effect of early versus late load on the number of interacting crossbridges. 3 Loading during active cross-bridge formation (early systolic load) increases the number of interacting crossbridges (cooperative activity), 3 a physiological mechanism that allows adequate matching of the number of cross-bridges with systolic load. However, when increased load occurs after the onset of myocardial relaxation, the number of interacting cross-bridges can no longer adapt. Under these circumstances, a mismatch between the number of cross-bridges and load may occur, increasing the stress imposed on individual crossbridges and decreasing cross-bridge cycling. 3 It is important to note that the timing of transition from myocardial contraction to relaxation differs from the timing of transition from ventricular systole to diastole, normally occurs early during the ejection phase, 3, 24, 25 and is related to the descending limb of the myocyte cytoplasmic calcium transient. 3, 24 Whereas experimental load clamps and acute catheterization studies represent valuable approaches to isolate the effects of afterload on relaxation, they cannot be extrapolated to the physiology of free-living individuals, where more progressive load changes occur and multiple additional factors influence relaxation. Therefore, studies are needed to clarify the naturally occurring relationship between the LV loading sequence and relaxation. Our study is novel because it is the first to assess the relationship between relaxation and timeresolved myocardial loading using not only central pressure but also LV geometric data, an important determinant of wall stress. Furthermore, we report, for the first time, not only that late systolic load is associated with slower relaxation, but that in models that adjust for late systolic load, early systolic load is associated with faster relaxation. Our large, populationbased sampling strategy, carefully standardized assessments, use of sophisticated noninvasive methods for wall stress estimations, and use of independent measures of diastolic relaxation (e' and Vpe, which provided highly consistent results) and systolic longitudinal shortening (S' and peak systolic longitudinal strain) are strengths of our study.
We found that the loading sequence was also related to S' and longitudinal LV shortening. The positive relationship between early load and S' is somewhat counterintuitive. A possible explanation would be that contractility determines wall stress and not the other way around; therefore, subjects with greater contractility may develop a higher peak wall stress compared with those with lower contractility. Other possible underlying mechanisms may include neurohumoral adjustments associated with higher peak (or early) systolic wall stress and the induction of cooperative activity by myocardial loading during cross-bridge formation. It is interesting to note that, after adjustment for systolic LV long-axis shortening, the value of the coefficient for late stress as a predictor of e' decreased (by ≈45%), suggesting that the relationship between late systolic wall stress and systolic shortening partially underlies the relationship between late systolic wall stress and e'. These findings are best interpreted in light of recent data demonstrating that, in addition to early diastolic load (lengthening load), e' is determined not only by intrinsic myocardial relaxation, but also prominently influenced by restoring forces, particularly in the presence of normal LV function. 26 The amount of potential energy stored during contraction and released during relaxation is negatively related to end-systolic length and volume. The ability to reduce end-systolic length or volume, therefore, contributes to the active restoration of LV dimensions in early diastole and enhances the rate of relaxation. 1, 27 However, we believe that restoring forces are unlikely to fully explain the relationship between the loading sequence and e', because this persisted after adjustment for LV end-systolic length, end-systolic volume, or S'. Further studies regarding the mechanisms that link the contraction history and myocardial relaxation at the molecular level are required.
The observation that late systolic wall stress relates to adverse parameters of myocardial and LV function in this population is consistent with animal, clinical, and epidemiological data, which strongly suggest that wave reflections are important determinants of LV dysfunction, [28] [29] [30] as well as recent data from the Multiethnic Study of Atherosclerosis indicating that wave reflection magnitude strongly predicts the risk of incident heart failure in the general population. 31, 32 It is interesting to note that this relationship occurs despite the fact that wall stress in late systole is much lower than wall stress in early systole, as a result of the geometric changes associated with myocardial contraction and blood ejection. Jointly, these findings further suggest that the loading sequence may be more important than absolute stress levels, per se. Although absolute wall stress is lower in late systole, the myocardium may be particularly vulnerable to even small wall stress increases during this period of time. This may be a result of intrinsic differences in cellular processes between early and late ejection. During early ejection, active development of fiber crossbridges occurs in the myocardium, whereas a transition from contraction to relaxation occurs in mid-to-late systole, during which increases in load may be particularly deleterious, leading to more hypertrophy and abnormal diastolic relaxation. 2, 33 The differential effect of time-varying myocardial afterload on cellular processes taking place in early and late ejection is, therefore, an important area for future research.
Our findings should be interpreted in the context of the determinants of time-resolved myocardial wall stress, which include the various arterial properties determining the input impedance of the systemic arterial tree as well as the pattern of myocardial contraction leading to changes in LV geometry. Early versus late systolic myocardial wall stress demonstrates finite relationships with specific arterial properties. We have recently shown in this population that, whereas systemic vascular resistance is a strong determinant of both early and late wall stress, aortic characteristic impedance determines ejection-phase systolic wall stress, whereas wall stress at the end of systolic is related to reflection magnitude. 34 Our study has limitations. Our observational study does not prove causality. Unmeasured mechanisms (such as neurohormonal factors or genetic polymorphisms) may lead to noncausal associations between time-resolved wall stress and relaxation. Mitral annular velocities assessed via tissue Doppler imaging are affected by the interrogation angle and do not distinguish between in-plane translation of the heart and shortening. We only interrogated septal mitral annular tissue velocities. It is a reasonable assumption that septal mitral annular motion is representative for global LV longitudinal systolic and diastolic function in a healthy population, where cardiac function is within the normal range and fairly homogeneous. In addition, our assessments of LV volumes using 2D-measurements rely on geometric assumptions and are, thus, approximations. We note, however, that methods were applied uniformly to all study participants. We limited our study to a population without manifest cardiovascular disease, to assess these physiological relationships before the appearance of clinically apparent myocardial dysfunction. Although the strength of relationships observed in this relatively healthy population were generally comparable with (and in some instances greater than) relationships observed for known important risk factors for heart failure in the general population, our cross-sectional study cannot yet assess whether these relationships are relevant to the prospective risk of clinically relevant myocardial dysfunction or heart failure.
Perspectives
Our findings indicate that in unselected middle-aged adults, greater early systolic wall stress is associated with greater longitudinal systolic function and enhanced early diastolic relaxation. In contrast, late systolic myocardial wall stress was independently associated with decreased early diastolic relaxation and decreased longitudinal systolic function. Our findings support the role of time-varying myocardial afterload as a determinant of myocardial relaxation. Future mechanistic studies regarding the role of loading sequence on myocardial contraction-relaxation coupling may enhance our understanding of the pathophysiology of abnormal myocardial function and may aid in identifying potential targets or interventions to improve LV diastolic relaxation and systemic adaptations to increased afterload.
What Is New?
• In a middle-aged population, early systolic myocardial wall stress correlates positively, whereas late systolic wall stress correlates negatively with myocardial shortening and relaxation.
• A loading sequence characterized by a prominent late systolic load (relative to early systolic load) is associated with lower myocardial function.
What Is Relevant?
• Myocardial wall stress (what cardiomyocytes experience) during ejection cannot be derived solely from blood pressure.
• The systolic loading sequence underlies ventricular-arterial interactions in health (exercise, stress) and disease (hypertension, heart failure), and possibly underlies the development of maladaptive hypertrophy and heart failure.
Methods
Study population
We studied adults enrolled in the Asklepios study, which enrolled a population-based sample of community-dwelling adults free of clinically apparent cardiovascular disease aged 35-55 years from the Belgian communities of Erpe-Mere and Nieuwerkerken. 1 The sampling was by tiered direct mailing based on random samples drawn from the population lists. Further details about the study population have been previously published.
1, 2 All tonometry and echocardiographic measurements were performed by a single investigator (ERR). This study was approved by the ethical committee of Ghent University Hospital and the University of Pennsylvania Institutional Review Board.
Central pressure and echocardiographic measurements
Carotid artery applanation tonometry was performed using a Millar pen-type high-fidelity tonometer (SPT-301; Millar Instruments, Houston, Texas). 1 Arterial tonometry was first performed at the level of the left brachial artery, and the tonometric recording was calibrated with brachial systolic and diastolic blood pressure. Mean brachial arterial pressure was then computed by numerical integration of the brachial pressure wave form. Subsequently, carotid artery waveforms and left ventricular outflow tract pulsed wave Doppler flow velocities were simultaneously acquired. Carotid pressure wave forms were calibrated according to brachial mean and diastolic pressure. 1, 3 Echocardiographic examinations were performed using a GE Vivid-7 ultrasound platform. Early diastolic (e') and systolic (S') septal mitral annular velocities at were measured using pulsed wave tissue Doppler from the apical 4-chamber view and were normalized for LV length. 4 Early diastolic LV inflow propagation velocity (Vpe) was measured with color M-mode as the slope of the isovelocity line from the mitral leaflet tips to a position 4 cm distal into the LV, using the first aliasing velocity.
Although e' was our primary non-invasive measure of diastolic relaxation, we performed sensitivity analyses using Vpe. We also assessed the effect of afterload on S', which is influenced by the time-varying interaction between LV contractility and afterload during systole. Recently, S' was shown to be influenced by myocardial contractility (even in the presence of a normal ejection fraction), longitudinal fiber shortening and torsional deformation 5 and to be an independent predictor of mortality in a general population sample with normal LV ejection fraction. 6 In addition to S', we also assessed average longitudinal strain using speckle-tracking echocardiography as described below.
LV end-diastolic volume and LV mass were calculated with the area-length method. 7 LV sphericity index was obtained by dividing the width of the LV measured at the basal aspect of the papillary muscles by LV length, expressed as a percentage as previously described.
Assessment of time-resolved myocardial wall stress
Speckle tracking was performed using an echoPAC workstation (GE Healthcare; Waukesha, WI) as previously described. 8 Briefly, a region of interest was prescribed in the parasternal short-axis view at the level of the chordae tendineae to obtain an exact fit with LV wall thickness and the software was used to automatically track the wall at every time point in the cardiac cycle. Speckle tracking was also performed from the apical 4-chamber view to assess instantaneous LV length in an interrogation angle-independent manner. Only cases in which reliable tracking of endocardial and epicardial borders was visually ascertained in both long and short axis views and in which ≤1 segment was labeled by the automated software as being tracked unreliably were processed further. Time-resolved numerical values derived from speckle tracking were exported from the echoPAC software for further processing in custom-designed software written in Matlab (The Mathworks, Natick, MA). We computed time-resolved short axis cross-sectional area and LV length as previously described in detail, 8 allowing for assessments of time-resolved area-length volume measurements. The carotid pressure curve was time-aligned with geometric data using LV outflow velocity information (assessed with pulsed-wave Doppler interrogation of the outflow tract) to account for the brief delay between aortic and carotid pressure phenomena, as previously described. 8 Time-resolved myocardial wall stress was computed according to Arts 9 :
where P=pressure, ln=natural logarithm, V W =wall volume and V LV =ventricular cavity volume (computed at each time point with the area-length method). This method does not neglect radially-directed forces or forces generated within the wall that oppose fiber shortening, which vary significantly with cavity and wall thickness and can interfere with direct comparisons of myocardial stress at different times during ejection.
Representative time-resolved short-axis LV wall thickness and cavity area obtained from the parasternal short-axis view are shown in figures 1A-B. Figure 1C -D show representative time-resolved changes in LV cavity size and changes in LV cavity length resulting from displacement of the base toward the apex and from apical cap thickening. Figure-2A -B shows a central pressure waveform and ejection-phase myocardial stress, respectively. To assess the myocardial loading sequence, we separately computed the myocardial stress-time integral (area under the curve) in the first half of ejection ("early" ejection-phase stress-time integral) and the 2nd half of ejection ("late" ejection-phase stress-time integral). For simplicity, throughout the remainder of the manuscript we refer to these time integrals as "early ejection-phase wall stress" and "late ejection-phase wall stress", respectively.
Speckle-tracking echocardiography data was also used to compute systolic longitudinal Langrangian strain, averaged from interrogated segments in the 4-chamber view, defined as the change of myocardial fiber length during stress in systole (L 1 ) compared to its original length (L 0 ) in a relaxed state at end-diastole 10 
Statistical analysis
The relationship between early and late systolic wall stress and indices of myocardial function was analyzed using linear regression. Multivariate models adjusted for total cholesterol, HDL-cholesterol, triglycerides, estimated glomerular filtration rate 11 , serum C-reactive protein, current smoking, diabetes mellitus, menopausal status, antihypertensive medication use and heart rate. Although the formula we used for computation of LV myocardial stress is valid for axisymmetric ventricular geometry regardless of sphericity, 9 we also adjusted for LV sphericity to better account for geometric factors that may impact diastolic relaxation longitudinal velocities and relaxation independently of wall stress.
In each regression model, standardized regression coefficients (β) were computed using Z scores for each of the dependent and independent variables. Standardized coefficients tell us how many standard deviations of change in the predicted variable correspond to a change of 1 standard deviation in the predictor. As opposed to "metric" regression coefficients, values of standardized regression coefficients do not depend on the choice of units to measure each predictor and thus more intuitively compare their relative influence on the dependent variable. For all regression models presented, we assessed for important multicollinearity via computation of the variance inflation factors and tolerance values for all predictors. All variance inflation factor values were <4.2 and all tolerance values were >0.24. All probability values are 2-tailed. Statistical significance was defined as alpha<0.05. Statistical analyses were performed using SPSS for Windows v17 (SPSS Inc., Chicago, IL). Table S1 . Early and late systolic stress as predictors of early diastolic mitral annular velocity, peak systolic mitral annular velocity, peak systolic longitudinal strain and color M-mode early diastolic inflow propagation velocity in minimally adjusted models (age and gender). 
Independent variables Standardized
Coefficient
